The Cosmic Microwave Background radiation is a fundamental prediction of Hot Big Bang cosmology. The temperature of its black-body spectrum has been measured at the present time, T CMBR,0 = 2.726±0.010 K, and is predicted to have been higher in the past. At earlier time, the temperature can be measured, in principle, using the excitation of atomic fine structure levels by the radiation field. All previous measurements however give only upper limits as they assume that no other significant source of excitation is present. Here we report the detection of absorption from the first and second fine-structure levels of neutral carbon atoms in an isolated remote cloud at a redshift of 2.33771. In addition, the unusual detection of molecular hydrogen in several rotational levels and the presence of ionized carbon in its excited fine structure level make the absorption system unique to constrain, directly from observation, the different excitation processes at play. It is shown for the first time that the cosmic radiation was warmer in the past. We find 6.0 < T CMBR < 14 K at z = 2.33771 when 9.1 K is expected in the Hot Big Bang cosmology.
One of the firm predictions of standard Big Bang model is the existence of relic radiation from the hot phase the Universe has experienced at early times 1 . The cosmic microwave background radiation (CMBR) has been discovered serendipitously by Penzias & Wilson 2 in 1964. The fact that its spectrum follows with remarkable precision a Planckian distribution over several decades in frequency is a strong argument in favor of the Hot Big Bang cosmology. However the presence of the radiation at earlier time has never been proven directly. The temperature of its black-body spectrum is predicted to increase linearly with redshift T CMBR (z) = T CMBR (0)×(1 + z) and its local value has been determined very accurately by the Cosmic Background Explorer (COBE)
T CMBR (0) = 2.726±0.010 K 3 . Detecting the presence of relic radiation at earlier epochs and confirming the well defined temperature evolution is therefore a crucial test for cosmology. To perform this test, one can use the possibility that excited fine structure levels of the ground-state of atomic species can be partly populated by the Cosmic Microwave Background Radiation when the energy separation of the levels is similar to the energy at the peak of the radiation energy
The relative populations of excited levels can be measured from the absorption lines seen in the spectrum of distant quasars and used therefore to constrain T CMBR at high redshift 4, 5, 6, 7, 8, 9, 10 .
The expected values make neutral carbon, C 0 , particularly well suited for this purpose. The ground term is split into three levels (J = 0, 1, 2) with J = 0-1 and J = 1-2 energy separations kT corresponding to, respectively, T = 23.6 and 38.9 K. However the fine structure levels can also be excited by collisions (mostly with electrons and hydrogen) and by UV pumping and following cascades. The ionization potential of neutral carbon, 11 eV, is below the ionization potential of hydrogen, 13.6 eV, and C 0 can only be seen in dense, neutral and highly shielded gas 9 . Therefore, excitation by collisions cannot be neglected.
To constrain T CMBR , the kinetic temperature, the particle density of the gas and the local UV radiation field must be known. As it is very difficult to disentangle these various excitation processes, all measurements up to now have lead to upper limits on T CMBR only.
Our measurement has been obtained in a unique absorption system where absorption lines of neutral carbon in the three fine-structure level of the ground term, C 0 , C 0 * , C 0 * * are observed together with absorption lines of singly ionized carbon in its excited fine-structure level, C + * , and absorption lines of molecular hydrogen (H 2 ) in the J = 0 to 5 rotational levels. The population and depopulation of the first excited rotational level of H 2 (J = 1) from and to the ground state (J = 0) is controlled by thermal collisions. Therefore the excitation temperature T 01 is approximately equal to the kinetic temperature. The fine structure upper level of the C + ground-state doublet is mostly populated by collisions and depopulated by radiative decay.
Therefore, once the temperature is known, the particle density can be derived from the C + * /C + ratio. Finally, the UV radiation flux can be constrained from the populations of the J = 4 and 5 H 2 rotational levels.
Observations
We have used the Ultra-violet and Visible Echelle Spectrograph (UVES) 11 mounted on the 
Fit to the lines, metallicity and molecular content
This is the first time C 0 , C 0 * and C 0 * * absorption lines are detected at high redshift (see Fig. 1 ).
The detection of these three species at z abs = 2.33771 is confirmed by the presence of several Table 1 . The α-chain elements magnesium and silicon have similar abundances, Z(X) = N (X)/N (H), relative to solar within the measurement uncertainties, log Z/Z ⊙ ∼ −1.2. However we note that, relative to what is seen in the sun, iron is underabundant by about a factor of 5 compared to silicon and nickel is slightly underabundant compared to iron. If these differences are due to iron and nickel being depleted into dust-grains, the depletion is of the same order as what is observed in warm halo gas in our Galaxy 14 . All this suggests that the system is very much like typical damped Lyman-α systems, with metallicity about one tenth of solar and small depletion of iron type element into dust 8, 15 .
Our echelle data confirms the presence of molecular hydrogen first detected by Ge and Bechtold 16 .
At the resolution of the spectrum, most of the H 2 lines are free from blending. The wide wavelength coverage of the spectrum implies that absorption lines from various Lyman-bands are seen. Column densities of H 2 in different rotational J levels are obtained by simultaneously fitting various Lyman-bands which are free from contamination due to intervening Lyman-α absorption from the diffuse intergalactic medium. Absorption profiles corresponding to transitions from J > 1 -6 -rotational levels are consistent with a single component at the same redshift z abs = 2.33771 as the C 0 lines. Lines from the J = 0 and 1 levels are broader and most of the absorption features have similar profiles suggesting the presence of several components. We obtain a best fit to these absorption lines with four components. Results of Voigt profile fitting are given in Table 2 .
The total H 2 column density is N (H 2 ) = 1.52×10 17 cm −2 and the molecular fraction is f = 2N (H 2 )/(2N (H 2 )+N (H 0 )) = 3.8×10 −4 which is about two orders of magnitude less than what was derived from low dispersion data.
Physical conditions in the gas
In molecular clouds, the kinetic temperature of the gas is given by the excitation temperature, T 01 , measured between the J = 0 and 1 levels. For the components at z abs = 2.33735, 2.33754 and 2.33793 we find T 01 = 74 ± 7, 64±7 and 66±10 K respectively. None of these components show detectable absorption due to C 0 . The characteristics of the gas are very similar to what has been measured recently in diffuse gas in the halo of our Galaxy 17 . For the z abs = 2.33771 cloud, T kin = T 01 = 185±100 K. The excitation temperature for other levels, J = 2 to 5, is close to < T ex > = 400 K. This means that processes other than collisions are at play in determining the relative populations of the different levels. Indeed, the J = 4 and 5 levels can be populated by cascades following UV-pumping and H 2 formation. We can evaluate the UV-pumping rate from J = 0 to J = 4, β(0), using the simple model of Jura 18 and assuming that molecules are formed on dust grains with formation rate R, with the dust to hydrogen ratio measured in the system (≤ 10 −1.3 the Galactic one) it is easily seen that populating the J = 4 level following formation of a molecule on dust grain is negligible for densities less than 5×10 3 cm −3 . We estimate the density from the excitation of C + to be at -7 -least a factor of hundred less than this value (see below). Moreover, for such large densities, the J = 0 and J = 2 levels as well as the J = 1 and J = 3 levels should be in thermal equilibrium which is not the case 20 . We therefore can neglect populating of J = 4 and 5 levels by cascades after the formation of a molecule. We finally derive from Equation 1 that the photo-absorption rate in the Lyman and Werner bands in the surface of the cloud is of the order of 2×10 −10 s −1 which is quite modest and similar to that observed along sight-lines in our Galaxy 18 .
The excited level of the C + ground-state term is populated by collisions with electrons and hydrogen atoms 21 . Electrons cannot be neglected because the corresponding collisional cross-section is large. To estimate the electron density we use the ratio N (Mg + )/N (Mg 0 ) = 178 which is fairly well determined from the detection of weak lines Mg 0 λλ1737,1827 and Mg + λ1239.
As we have shown above that the ionizing flux in the cloud is similar to that observed in our Galaxy we can estimate the electron density by equating the Galactic ionizing rate of Mg 0 to the recombination rate of Mg +12 . We find n e ∼ 0.02 cm −3 . Note that the electronic density cannot be much smaller than this value because, from the excitation of the J = 4 and 5 H 2 levels, we know that the ionizing flux is not smaller than the Galactic value.
Then, the hydrogen density can be derived from the N (C + * )/N (C + ) ratio. Unfortunately, the C + λ1334 absorption line is saturated and cannot be used directly to infer N (C + ). We therefore consider that the carbon metallicity can be derived from the silicon metallicity with some correction. Indeed, it is known that the metallicity of the α-chain elements is enhanced compared to carbon by a factor of about two 22 when the mean metallicity is low (i.e. ≤ −1.0).
To be conservative, we consider that Z(C) = Z(Si)/2 and that silicon is not depleted into dust.
Note that both assumptions maximize the C + * /C + ratio and, as a consequence, maximize the derived hydrogen density, n H . In addition, the very small C 0 /C + value shows that the ionization correction is negligible. Note also that absorptions due to Si 3+ and C 3+ are unusually weak in this damped system. The fit of the C + * λλ1335.6,1335.7 lines is shown in Fig. 2 . As can be seen from this figure the observed C + * profile suggests the presence of possible extra components. Our measured column density is therefore an upper limit which will turn into an upper limit on the -8 -hydrogen density. It must be noted that the strongest constraint comes from the 1335.6 line in the blue wing of the profile.
Results on the determination of n H are presented in Figure 3 . For a kinetic temperature in the range 85 < T <285 K, as suggested from the H 2 absorption, we find 20 < n H < 35 cm −3 (solid curve on Fig. 3 ). All assumptions above maximize the hydrogen density which can therefore be considered for each temperature as a conservative upper limit.
Cosmic Microwave Background radiation temperature
The fine structure levels of C 0 can be populated by several processes, mainly collisions with hydrogen atoms and electrons and pumping due to the local UV-radiation and to the CMBR. The different contributions can be estimated once the temperature and the particle density are known.
We have derived above 85 < T < 285 K, 20 < n H < 35 cm −3 and n e /n H ∼ 0.001.
Following Meyer et al. 5 and using cross-sections given by Nussbaumer & Rusca 23 and Launay & Roueff 24 , we investigate the fine-structure excitation of C 0 keeping the particle density and the temperature within the ranges determined in the previous Sections. For a radiation field similar to that of the Milky-way 25 , the UV pumping rate from the ground state to the excited states of C 0 is 7.55×10 −10 s −1 . The corresponding value for the hydrogen collisional rate in the density and temperature ranges considered here is of the order of ∼ 1.2 − 1.4 × 10 −8 s −1 . Thus the contribution due to UV pumping is negligible. Keenan et al. 26 noticed that collisions with electrons are unimportant for kinetic temperatures in the range 100-500 K and a ratio of electron density to hydrogen density less than 0.01. Collisions with electrons can therefore be neglected.
The observed 2σ range for N (C 0 * )/N (C 0 ) and N (C 0 * * )/N (C 0 ) are, respectively, 0.28−0.48 and 0.020−0.060. Assuming collision by hydrogen atoms is the only process at work, we estimate the range of hydrogen density needed to explain the C 0 populations. This density range is shown as a shaded region in Fig. 3 . From this figure it is apparent that the observed upper limit on the hydrogen density derived above is not sufficient to populate the excited fine-structure levels of C 0
and that an additional source of excitation is needed. The only process we are left with is direct -9 -pumping due to photons from the relic background radiation.
More generally, we estimate the allowed range for the CMBR temperature as a function of kinetic temperature, after taking into account all previously discussed processes. The allowed area in the T CMBR -T Kinetic plane is shown as the shaded region in Fig. 4 . This region is obtained using the upper limit on the hydrogen density derived above and the 2σ ranges of the C 0 * /C 0 and C 0 * * /C 0 ratios. Thus the lower T CMBR boarder of this area gives a stringent lower limit on the CMBR temperature at z abs = 2.33771.
Note that an upper limit on T CMBR is obtained assuming that the CMBR is the only excitation process at work. This limit is shown as a dotted line in Fig. 4 .
The presence of a relic radiation field at any redshift is more or less admitted by most of the practicing cosmologists. Its reality is proved observationally only in the local universe through direct measurements 3,27 and the Sunayev & Zeldovich effect 28 . Our measurement demonstrates for the first time that the cosmic radiation exists at earlier times and has a higher temperature than today. In the standard Big-Bang cosmology the cosmic microwave background is a relic radiation left over from an early hot phase. In such a model the radiation evolves adiabatically in the expanding universe and the temperature at any redshift is simply T (z) = T (z = 0)(1 + z). We summarise all the available upper limits in Fig. 5 , together with our measurement. The prediction for the adiabatic expansion is shown as a dotted line. All the upper limits and our measurement are consistent with the predictions of the standard model. Doing similar analysis over a large redshift range will provide a direct and model independent measure of the evolution of the cosmic microwave background radiation. Table 2 is overplotted to the data as a dashed line. Lower panel: Detection of absorption lines from C 0 , C 0 * and C 0 * * at z abs = 2.33771 in the damped Lyman-α system. The model fit with parameters given in Table 1 is over-plotted to the data as a dashed line. cloud: The continuous curve with downward arrows shows the strict upper limit on the hydrogen density estimated from the fine-structure excitation of C + . The shaded area gives the 2σ range for the hydrogen density required to explain the population ratios in the fine-structure levels of C 0 assuming there is no cosmic background radiation. All other excitation processes (collisions by electrons and hydrogen atoms, UV pumping) have been taken into account. It is apparent that the observed density is too small to explain the C 0 excitation demonstrating that the Cosmic
Microwave Background exists at z = 2.33771. temperature of the gas: For a given temperature we obtain an upper limit of the hydrogen density from the C + fine-structure population. This is used to derive the contribution of hydrogen collisions to the C 0 fine-structure excitation. The excess is used to determine the range for the CMBR temperature. The shaded region gives the 2σ range of the Cosmic Microwave Background Radiation temperature allowed by the observed population ratios of neutral carbon fine-structure levels. The horizontal dotted line is the upper limit on T CMBR assuming CMBR to be the only excitation process. The dashed line is the predicted temperature at z = 2.33771 in the standard big−bang model. This demonstrates the presence of a background radiation with a temperature at least twice that measured in the local universe, T CMBR,0 = 2.726 K. The dashed line is the prediction from the Hot Big Bang, T CMBR (z) = T CMBR (0)×(1 + z).
